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900V “GEN 3” RELEASED IN 2015; NOW SCALING TO 10mQ CHIP
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Commercially released in 2013 as “C2M” product family at 1.2-1.7kV
Commercially released in 2015 as “C3M” product 65-280mQ at 0.9kV

Design and automotive qualify 32mm? chip which has >2X lower Ry, than any commercial FET
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NEXT-GEN SiC DMOS LOWERS R, ;o DRAMATICALLY

*Gen 3 SiC DMOS has
lowest Ry, sp in market

*Gen 3 SiC DMOS has
lower Ry sp than
trench SiC MOSFET

2011 release
—
(1200V)

2013 release

(1200V & 1700V)

2015 release
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New 900V SiC MOSFET released is 2.3mQ-cm?
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CREE SiC MOSFET PORTFOLIO SUMMARY 7

1200V 900V
65m0  120mQ 280mﬂ‘

D(MAX)

TO-247-3

TO-220-3
TO-263-7

@ =In Development @ =Commercially Released

TO-220-3 TO-247-3 TO-263-7 Nuremberg, 10 — 12 May 2016
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LIFETIME PROJECTIONS FOR C3M065090 (900V, 65mOhm) 8
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e 900V rating results in 65 years before the first projected 1% of failures
e At 1kV continuous voltage, projected failure time for first 1% is 9 years

* Avalanche rated: zero fails in 1,000 hours at 50 JA, V> 1200V

—
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LIFETIME PROJECTIONS FOR C3M065090 GATE OXIDES 9
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« Extrapolated V lifetime of ~600M hours at +15V (DC recommended operating point)
« Passed AEC-Q101 qualification of 3 lots x 77 parts with @ fails in 1,000 hrs at V=15V, 150C
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SIMPLIFY DC FAST CHARGERS:

10
FB LLC RESONANT CONVERTER
600V-800V
s?ﬁf?gs El %}. 5?(:'(‘]2;_35 600V-B0OV
7500 r. 3
F MOEEE | at |5 zsc;Jr- a2 | Hc%
: ||ampE = .
600V b ) g o J—
SiMDiE% £ l = S — Lm? sé ﬁT%
S?Efgs‘j} a u——(Y‘(Y\_I: Bt
Lr Cr
x L .
v Resonant Tank ,%E ﬂtﬁr 1%;5 hﬁr
Three-level (3L) SiC MOS SiC MOS
Two-level (2L) Resonant Tank
Silicon (overcome HV):
600V MOS to get >800V I?C Link silicon Carbide:
Three-level LLC Full bridge 900V SiC MOS (reliable up to 1kV)

Two-level FB ZVS LLC resonant
Typical switch 100 kHz - 200 kHz

. Target switch >200 kHz - 400 kHz
@ Complicated topology and control

® Additional clamp diodes © Reduce BOM cost by 20% & 4 efficiency

© Simplify the converter design
© Reduce resonant tank size

© 2015 Cree, Inc. Allrights reserved.



COST COMPARISON BETWEEN SILICON, SiC, AND GaN 11

Voltage Rating & On-resistance & Distribution price
Technology Current at Tc =100C per 100

900V IPW9OR120C3 120 mohm $11.50
Silicon 23A
900V C3M0065090J 65 mohm C 962 O
Silicon Carbide 23A
650V GS66508P-E05-TY 50 mohm $27.07
GaN 23 A

For High Speed Switches, SiC is currently the least expensive at 900V

© 2015 Cree, Inc. Allrights reserved.




900V, 10mOhm SiC MOSFET
Die Characteristics



900V 10mQ SiC MOSFET DC CHARACTERIZATION 13

e« Comparing 900V SiC MOSFET to 650V Si

* Lower positive temperature coefficient than Si superjunction MOSFET

— 10mQ at 25°C increases to ~ 14mQ at 150°C for 900V SiC MOSFET
— 17mQ at 25°Cincreasesto ~41mQ at 150°C for 650V Si MOSFET

* No knee voltage as found in IGBT

45 ¢ 120 -
40 T 100 |
% 35 E : ] @&
N F : Q
o 30 O 80 <
Q Q i i >
% 25 'S 60 - S &\
7 20 E : o5 véb
Z 10 F T ] S
O 5 ; o 20 : (o%
O||||I||||I||||I||||I||||I|||| 0_|||||'|||||||||||||||||||
25 50 75 100 125 150 175 0 0.5 1 1.5 2 2.5
v Temperature (°C) Drain-Sour ceVoltage
Infineon 650V, 19mQ MOSFET, part number IPZ65R019C7, http://www.infineon.com/dgdl/Infineon-IPZ65R019C7-DS-v02_00-en.pdf. \/

Infineon 650V 100 A IGBT, Part No. IGZ100N65H5, http://www.infineon.com/dgdl|/Infineon-IGZ100N65H5-DS-v02_01-EN.pdf.
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900V 10mQ SiC MOSFET DYNAMIC CHARACTERIZATION 14

« The 900V 10 mQ SiC MOSFET chip is capable of extremely fast transitions.

* InTO-247-3, L in the gate driver loop will limit the switching speed.
TO-247-3 package and TO-247-4 package evaluated.

 TO-247-4 has a separate source return pin for the gate driver equivalent

circuit. V; . is not affected by the voltage drop in the source inductance L,
introduced by the di/dt of the drain-source current.

| .
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Vdc

TO-247-4

|
1+

TO-247-3
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900V 10mQ SiC MOSFET SWITCH WAVEFORMS (600V, 100A) 15

 LEFT: Comparison of Turn-OFF for 900V, 10 mQ SiC MOSFET in
TO-247-3 and TO-247-4 packages (R;=5Q, V.;=-4V/+15V)

 RIGHT: Comparison of Turn-ON for 900V, 10 mQ SiC MOSFET in
TO-247-3 and TO-247-4 packages (R;=5 Q, V;;=-4V/+15V)

Turn-OFF Turn-ON
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= & c c
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5 o0} 0 A o 0Ff 0 A
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Time(ns) Time(ns)
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900V 10mQ SiC MOSFET SWITCHING ENERGIES

~3.5X lower switching energy with Kelvin Source contact

16

e LEFT: Switching Energy losses at 25 °C for 900V, 10 mQ SiC MOSFET in TO-247-3
package (R;=5Q, V,,=-4V/+15V, V,,,=600V)

* RIGHT: Switching Energy losses at 25 °C for 900V, 10 mQ SiC MOSFET in TO-247-4
package (R;=5Q, V.=-4V/+15V, V,,,=600V)
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Third Quadrant Operation - Maximizing Efficiency

CMF20120D MOSFET at 25C

/ Aluminum

30 //
20 // - Intermetal Dielectric

// _ [ B-dopedPolySiGate |
10 Gate Oxide

e +
N P-Wedl
z , -
-10 / —0V |
/] w
-20 —10vV | | . . .
sy SiC Epitaxial Layer
-30 / —
/11

-40 N* 4H-SiC substrate, 4° off [0001]

-5 -2.5 0 2.5 3 Drain Ohmic Contact

Vos (V)

» SiC MOSFETs Have Built-In Body Diode That Can Be Exploited
In Applications Requiring Antiparallel Conduction

e Third Quadrant IV Characteristics are Parallel Combination of SiC MOSFET and PN diode
» Applying Positive Gate Bias Turns the SiC MOSFET Fully On

« Conduction is Symmetric for Positive and Negative V5 — Synchronous Rectification

© 2015 Cree, Inc. Allrights reserved.



900V 10mQ SiC MOSFET BODY DIODE CHARACTERIZATION 19

e LEFT: 3" Quadrant characteristics of the 900V, 10 mQ2Q MOSFET at 175°C

 RIGHT: Reverse recovery waveforms of the 900V, 10 mQ MOSFET at 25°C
and 150°C

 Body diode with 3"1 quadrant an excellent option for bidirectional flow

* Reverse recovery time is only 56 ns.
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SHORT-CIRCUIT TESTING OF 900V, 10mOHM SiC MOSFET IN TO-247-3L 20

e Tested 4us withV =19V

e I, was not captured on scope, but was >406A

e AtV,,=500V, peak voltage was 645V, and device survived

e AtV,,=600V, peak voltage was 755V, and device failed

e Consistent with or above typical commercial SiC MOSFETs capability

I, off scope (>406A) I, off scope (>406A) |
LS T . S 1 | S L R e —r—— s e L L IR :
B ! .EI. FL—‘"“-'—:‘ 5 H & ;4.':!'35 ii§ - 4$#5Y t - s "-n...__-: | i —4.93% LEC Y ‘
: : : : o 128005 4SSV oo oo e
At P : - ‘ S36S5Ys  s400Y E . a3Sbus  a200V
AV : ; : . L3
: tl [ | . :.-""'F = 8
. { .| i\ Devicesurvived s : a\ | :
Do : ; : B : J H H
SR P Tl ‘1' fi : i ; Device failed
o ! : Bous L JiEn 720y C;E-H;H_H_-: SN e = G gD 720V <70 ]
251} #5100 T | L : oy * ] >3b8V
[g 10[4 v ar sev @iea  —-¥s 7 s | g ==’ﬁ"n-' gwjx - [ S — ] &ﬁ]
Vps=500V; t,.=4us; V,=+19V Vps=600V; t,.=4us; V. =+19V

-] HCRETH CARDLIRA STATE LASALASITY

Test results courtesy of: 'llllll NC STATE UNIVERSITY
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900V SiC MOSFET
Half-Bridge Module
Characteristics



900V, 400-800A, SiC HALF-BRIDGE POWER MODULES 22

e Assembled 900V, 10mQ SiC MOSFET
chips in 2 - bridge module

— 4 chips/switch pos. - 2.5mQ module
— 8 chips/switch pos. - 1.25mQ module

K HTRB (150°C) completed \

— 6 modules (48 MOSFETSs)
— 1000 hrs; Zero failures
e HTRB (175°C) completed

— 5 modules (same modules
as 150° C test)

\ — 850 hrs; Zero failures /




BENCHMARK 900V SiC & 650V Si POWER MODULES 23

e 900V SiC XAB350M09HM3 compared with
650 V EconoDUAL3 Si IGBT

250 V higher blocking voltage

10-20x lower body diode recovery, gate
charge, and reverse transfer capacitance.

Symmetrical 3" quadrant conduction

Lower on-state losses -
—

- — - :ii.i:#;_—
Wolfspeed XAB350M0O9HM silicon FF450R07ME4_B11

HT-3000 (custom) EconoDUAL3™
900 650
175 150
Rp< oy (MQ) (25°C/150°C) 2.5/3.6 N/A
I,e @ 150°C (A) 405 430
648 4800
2.02 (0.504x4 35.5
Input capacitance, C, / C, . (nF) 15.7 (3.93x4) 27.5

Rev. transfer cap, C,. / C,.. (PF) T2 (18pF x 4) 820

© 2015 Cree, Inc. Allrights reserved.



900V, HALF-BRIDGE - 4 DIE/SWITCH; SWITCHING ENERGY 24

900 V, 10 mQ Half-Bridge Module (XAB700M09HM3)
(Vpus = 600 V, Rg e =5 Q, L= 16 uH)

20 e 900VSiC
. Total Switching Energy XAB350M09HM3
E3s5 * 4 MOSFETs /
> .
%" switch
G 10 Turn-on Energy *  Switching 600V
ST
- =T 4 *  E;=5mJ @ 100A
£ 5 _
2 Turn-off Energy Er=10mJ @ 200A
0
0 50 100 150 200 250 300 350 400

Drain-Source Current (A)

Switching energies 4-7X lower than comparable Si IGBT modules

—

Wolfspeed.
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IMPACT OF 900V SiC IN EV

Compared with Si inverter, SiC reduces inverter losses ~67%

in combined EPA drive cycle

Inverter Loss estimation tooal

i I B

parallel with SiC MOSFETs

¥
! IR
LS

motor losses

Inverer losseas

% Inverter losses =
{1 e, PJE'EIPDEJ * 100%

n_g,_lg,ﬁ“'ES".‘-E. iny. loss

% inverter loss comparison

EPA City Cycle EPA Hwy Cycle

~T3% Iy loss

\;'::l‘l.u:.l:]-:n ) il reduction
~33% | [T22%%
N g
SHIGET  SIC MOSFET CPHGAT S0 MOSEET

N

25

*Assume Ford Focus EV equipped with 90kW IPM motor

*C-Max 90kW Si IGBT inverter or Wolfspeed 88kW SiC inverter
as the traction drive

*Synchronous rectification of SiC devices; no diodes in

<>

Simulation data courtesy of
Ford Motor Company,
based on measured results
of Wolfspeed 900V, C3M
10mOhm SiC MOSFETs

Wolfspeed.
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1200V and 1700V SiC MOSFET data




1.2kV & 1.7kV GEN 3 SiC MOSFETs

1.2kV SiC MOSFET
g |
: .
E
[
A
—E ! ! ! !
R > Spec Rpgoy 2.7MQ-cM2

o iz £0 = e
Dirsin-SourceVWolt g=, Voo V]

 Nominally a 75A SiC MOSFET
* Rpsonmax @t Froom temp ~16mQ
* Rpsonmax @t 90" C ~21mQ

27
1.7kV SiC MOSFET
10 Tp oo Z00ps

z

A

g £0

=

E &0

; - TN =TV

Crrai n-5ource Vo ltage, Vo [V]

 Nominally a 67A SiC MOSFET
* Rpsonmax @t room temp ~20mQ
* Rpsonmax @t 90°C ~28mQ




3300V and 6500V SiC MOSFET data




3.3kV & 6.5kV GEN 3 SiC MOSFETs 29
3.3kV SiC MOSFET 6.5kV SiC MOSFET

Wi . . | . 50 T L
o7 ! : | L
Conditions: A i i 45 ! { : 45
=257 ’ i i i | | ‘
_ i to< 200U T 40 - - - -4
3 & | : | |
) i Py i | | 35 | | ‘ ras
g ,.‘I-"]H' I 1 g g
o T gk : I = £
o ! ! 3 25 25 3
; 1 1 1 1 B l
a0 _— = ————————— -t ——————e——— _— &
3 ! ! | : g 20 | 2 8
- ! : : : - | | | l =
Z i i i i ; .
mw - , T vezw/
1 10 E
i SpeC RDSON 11mQ-cm V.=5,10,15,20V
| i [ MmeE 5 4 - ~ | =1 o5
|: I I I —
i ! 4 i 3 i 0 A —|—’/ —L g

Dwradin - S0 ur & Vol tagpe, Vds | W) o 2 4 & 4000 5000 6000 7000
Forward Voltage (V)

 Nominally a 40A SiC MOSFET  Nominally a 20-30A SiC MOSFET
* Rpsonmax @t room temp ~41mQ * Rpsonmax @t room temp ~100mQ
o RDSONmaX at 90 ’ C ~98mQ i RDSONmaX at 90 ° C ~171mn




3.3kV, 45mQ SiC MOSFET CHIP Ry, Vs T and I 30

3T s a | e 120 | : ; 150°C
I : ! i ! 3 i 5 rro—e—
25 T — S
:v; a L | i . i
3% 2 ‘E; 80 F---mmmmmmmmmhememommd lOOoC ...............
915 oI T e o ! NSNS SR
g | ' ’ : | g 25°C
g 1 : 1o S o e § 40
Cc) I — ' ! g Vgs=20 V
0.5 |--mmmmmmmmmmioe VGS_20V ___________________________________ 20 <S50 Ms |
tp <50Ks
0 ||||||||||||||||| O ||||||||||||||||||||||||
25 50 75 100 125 150 0 10 20 30 40 50
Junction Temperature, T, (°C) Drain-Source Current, |5 (A)
Normalized On-Resistance vs. Temperature On-Resistance vs. Drain Current

e 2.5Xincreasein Ry, from 25°C to 150°C
* Positive temperature coefficient
e Devices can be readily paralleled

© 2015 Cree, Inc. Allrights reserved.



GEN3 3.3kV 45mQ) SIC MOSFET-INITIAL HTRB DATA 31

o Accelerated HTRB Testing (3.3kV - at 150°C ) of
Gen3 3.3kV/45mQ SiC MOSFET

 No Accelerated HTRB Failures Observed Up To 660 Hours
1000

100 -

10

lpss (HA)

0 100 200 300 400 500 600 700

Wolfspeed.




3.3kV, 45mQ SiC MOSFET CHIP BODY DIODE 32

e 3 s
—

3.3 kV SiC MOSFET

> Device Area =46.7 mm?
=t VR: 1.8 kV | CurrentRating=45 A

Qrp (30A)=0.6 uC @ 25 °C
Qpp (30A)=1.5 pC @ 150°C

10

Body DiodeCurrent (A)
=

—_
=

ko
=

-300 -100 100 300 500 700
Time (ns)

* SiCbody diode can eliminate external anti-parallel SiC diode
* Elimination of external anti-parallel diode saves cost and space
* Third quadrant operation of MOSFET possible for additional savings

W

Wolfspeed.




GEN3 3.3KV SIC MOSFET
250A/2.2KV SWITCHING EVENT WITH RG-EXT =2.5 Q

2500 _ _ M 500

WA WL .-'-\'\,’F\,.'A‘./\'-J_\-'"-z"'«/"»\f\-"‘v"‘-'"‘w@"'*""v"v"-“'" e T b A R )

33

; | i Ty ) o

1500 ~ o Vps = 0V/+2.2kV

[t 300

(V]

1000 - b foll{f 44 200

Id [A]

Vds

: DA Nnom a : ; : / Vi
& 0 00 0 0 O L 0 A T A0 W 0 0 T 0P O e O B A MR EUR O £ = Y i biviraa VIV Y e i~

[ e R EA R AN A NEER FARA FATTAVAVATAVE Favale e b e L L B S VAR TR R WA A WA W g
i PRI ; ’ : TRV RISk ke

500 U — | | | | il _100
12 12.5 13 13.5 14 14.5

Time [us]

200 n 1

{
/no|

[mJ]
.

160 [~ froed 0.6
| | | | . |

: | o : : :

Switching Energy

|
|
|
|
|
1
|
|
|
Switching Transient [yes

100 H | | | | g

Time [us]

Switching Speed <150ns; Minimum Overvoltage (No Snubber)
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3.3kV SIC MOSFET SWITCHING LOSS PERFORMANCE @ 25°C 34
Double Pulse Test

—— Eoff [mJ
o [mJ]
= Eon [mJ]
E 50 =
= -+~ Etotal [mJ] E
30 B
Q 1 —
s &
230 - g
5 ;
{%‘ o
10 4 /
0 - - | . o 4 | | |
0 100 200 300 0 5 10 15 20 75

Drain Current [A] External Gate Resistor [Ohms]

At 2.2kV, 180A switching event, 45mJ total switching energy
* 3.3kV SiC MOSFETSs switching losses are 10-15x lower than 3.3kV Si IGBTs




SiC XHP™ STYLE MODULE - INDUSTRY STANDARD HOUSING 35
« Engineering Sample 33 kV SiC HALF-BRIDGE POWER MODULE

M-Channel MOSFET
sales 3.3kV /57 mQ

FEATURES
°
U p tol2 M OSFETSI > High Voltage: Vos = 33 kV, Tymay= 175°C
switch available > AS9100:Rev. C-Certified Manufacturing,
= Traceable Throughout Value Chain
° - = Ulra-Fast Switching, Low Inductance
° U ltra - FaSt SWItCh 1 ng’ > Enables High System Efficiency
LOW Inductance (<20 = “XHP" Style Half-Bridge Power Module o
nH V+ to V_) APPLICATIONS GH:_JE
. = Solid-State Transformers we L0 M
e Companion gate > Medium Voltage Drives 1
. > Solid-State Circuit Breakers .
driver > Smart Grid / Grid-Tie Distributed Generation ko4
. . = Energy Storage Systems L
» Desaturation protection, ¥
temperature sensing,
programmable UVLO Power Module Absolute Maximum Ratings
with hysteresis, galvanic o : :
ienal isolation. & on- Symbol Parameter Condition(s) Value Units
Sig . ’ Vpss Drain-Source Voltage 3300 v
board isolated power Vess | Gate-Source Voltage! _ 8/+19
supplies. & Goie e W Tc=25 °C, Ty= 175 °C ~
8 oS Hen Tc=125°C. Tr=175 °C
Pp Maximum Power Dissipated [ Tc=25"C. Ti=175°C 2586 W
T rimaz) Maxinmum Junction Temperature 175
Tatz Storage Temperature Range S &

—

Wolfspeed.
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10kV SiC MOSFETs




Measured I-V Characteristics at 150°C of Enhanced Short Circuit
Capability and Baseline Gen3 10 kV/350 mOhm SiC MOSFETs

* Very Small Difference in On-Resistance (R ,,) at 150 °C

* Enhanced Short Circuit 10 kV SiC MOSFET has Higher Threshold Voltage

37

Enhanced Short Circuit Gen3 Baseline Gen3 10kV/350mOhm
10kV/350mOhm SiC MOSFET SiC MOSFET
20 ¢ 20
18 |
16 |

5,10,1520V

IDS (A)
IDS|(A)

0 2 4 6 8 10 12
VDS (V) VDS(V)

—

Wolfspeed.
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Short Circuit Simulation/Test of Gen 3 10 kV/350 mOhm
SiC MOSFETs With Enhanced Short Circuit Capability 38

Short Circuit Voltage = 5000V
— 200 ; ; L '
< Veg=20v  PEETAmcERER
= 150 P et R SN -
3 Sz E e wews
S 100 = 4/
o :
£ 0 \
(] 0 Simulated T
----- MEH&I.II"Ed i
800 * 711.48 °C |
b | 579.53°C
600 2442.3%:
O 400
= 200
0 =

15
Time [ps]

20 25

30

 Demonstrated Gen3
10 kV/350 mOhm SiC MOSFETs
Capable of Sustaining
Short Circuit Current
For > 13 Rsec at 5000V
 Measurement and Simulation
Courtesy of Al Hefner at NIST

NIST




10 kV SIC MOSFET BODY DIODE STATIC CHARACTERISTICS 39

 10KkV body diode is bipolar - lower resistance than a 10 kV JBS diode at high
temperatures

* Reverse conducting antiparallel SiC JBS diode can be eliminated
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Gen3 10kV/350mOhm SiC MOSFET Body Diode Switching -
Body Diode Has Low Reverse Recovery Loss

40

 Body Diode Has Excellent Dynamic Characteristics = Low Reverse Recovery
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Gen3 10kV/350mOhm SiC MOSFET Body Diodes

Exhibit Stable Performance Under Constant Bias Stress H
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2 BRIDGE CONFIGURED MEASURED SWITCHING ENERGIES AND WAVEFORMS42
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4

Power AMERICA

43

L 900-1700V low-
profile 62mm

SUMMARY 900V TO 10kV GEN 3 SiC MOSFETS_

-

e SiC MOSFETs released in 2011
e >20SiC MOSFET discretes in market

* Gen 3 SiC MOSFETSs entering market 900-1700 V low
profile
(mQ)
900 10 65mQ released 2015
Engineering samples
1200 16 Engineering samples
1700 20 Engineering samples 3.3-6.5 KV
3300 41 Engineering samples Half-Bridge
6500 100 Engineering samples
10000 350 Engineering samples 10kV XHV-6

Half-bridge



s« doesn't repeat itself,
but 1t does rhyme.

Mark Twain

—

Wolfspeed.



Questions or Discussion?
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